The mechanical behavior of articular cartilage is strongly dependent on its microstructure characterized by three-dimensional, depth-dependent densities and anisotropic arrangements of cartilage cells and collagen fibres in extracellular matrix. The inclusion of cartilage microstructure to model analysis is essential for the accurate evaluation of the mechanical property. This study proposes a model-based evaluation method, which could predict tissue microstructure (collagen fibres, proteoglycans, and cartilage cells) based on a time history of reaction force obtained from indentation test, thereby estimating the depth-dependent cartilage mechanical property that is difficult to be estimated by experiment in conventional methods. The model was used for evaluating the viscoelasticities of cartilage at medial (load-supporting) and lateral (non load-supporting) regions on bovine femoral head. The present simulation allows fitting the time-history of reaction force measured from indentation test (R 2 = 0.993 ± 0.0012 for lateral region and R 2 = 0.990 ± 0.0032 for medial region). The differences of the elastic modulus of collagen fibre and the permeability between medial and lateral regions were consistent to those observed from the chemical composition analysis.
Introduction
Articular cartilage is a connective soft tissue, which protects articulating bones against contact and impact loads by transferring and distributing those loads. It consists of two phases: the fluid phase (interstitial water) occupying 80% of the total volume and the solid phase matrix composed mostly of fiblous network of type II collagen with proteoglycans (PG) trapped in it. The solid phase of cartilage shows laminar structure varies along cartilage depth (1) , (2) . This depth-dependent structure is deeply involved in mechanical behavior and property of cartilage (3) . The cartilage degeneration disease such as osteoarthritis impairs primary functions, and the dysfunctions of cartilage decreases quality of active daily life seriously. In osteoarthritis, compositional and structural alterations of articular cartilage can be sensitively detected through changes in the mechanical properties of the tissue (4) . Thus, the evaluation of mechanical properties of cartilage will be useful for the early diagnostics of osteoarthritis. Most of conventional mathematical methods for evaluation of cartilage mechanical properties assume that cartilage tissue is isotropic and homogeneous material despite the depth-dependent microstructure exists and has the depth-directional effect on cartilage mechanical behavior. Among those, the biphasic model introduced by Mow and coworkers has been largely accepted (5) , in which the overall viscoelastic behavior of the tissue is modeled in terms of the diffusive momentum exchange between the fluid phase and the porous solid phase (6) , (7) . The viscous behavior of cartilage is determined from the permeability of the tissue matrix as well as the intrinsic viscoelasticity of solid matrix. Earlier studies have considered that PGs are primarily responsible for the static (equilibrium) compressive stiffness of cartilage, while collagen network mainly modifies the dynamic (instantaneous) compressive and tensile response of the tissue (8) , (9) .
Recently, differences in mechanical function of tissue compositions and the microstructure in solid phase are considered to be important in the stress-relaxation response of cartilage, and there is increased need to include anisotropy and inhomogeneity of solid matrix in cartilage models (3) . The modern imaging methods allow localized measurements of densities and orientation structures of tissue constituents, but theoretical tools for using this information for prediction of cartilage mechanical behavior are still lacking (10) . In order for accurate determination of mechanical properties and better understanding of the normal and pathological functions in articular cartilage, three-dimensional computational models are required, based on accurate and quantitative descriptions of cartilage microstructure, utilizing appropriate constitutive equations (11) .
Constitutive models have been developed to take collagen network structures into account. For instance, the fibril-reinforced poroelastic model depicted the collagen fibers as discrete tension springs arranged along discretized volume elements of poroelastic continuum (12) . It, however, is not straightforward to relate the distribution and orientation of collagen fibers to the model properties, since those collagen fiber anatomies are not deterministic and not available a priori. Thus, another modeling approach was applied here in order to take statistical nature of collagen network structure into a continuum body (19) .
In this study, we proposed a method to examine hard-to-measure material properties of cartilage in the depth direction from articular surface to bone-cartilage interface. For this purpose, we constructed a mathematical model considering the depth-dependent anisotropy of collagen fibre and cartilage cell mounted in PG-matrix. Force reaction data obtained from indentation test were used for determining the depth-dependent viscoelastic properties of cartilage on bovine femoral heads. Medial and lateral regions were examined to demonstrate whether the present method could detect the differences in material properties between these two functionally-different regions (13) , (14) appropriately using indentation responses, which are under the influence of the inhomogeneity and anisotropy of cartilage structure (14) . Elastic modulus distribution and viscoelastic properties of tissue compositions obtained from the present analysis were compared with chemical composition data or apparent elastic modulus calculated by earlier experimental evaluation method.
Mechanical model
The present viscoelastic model of cartilage is shown schematically in Fig. 1 . Cartilage is modeled on the basis of the biphasic theory, in which the solid phase of cartilage is modeled as PG-matrix including cartilage cells and collagen fibres. Cartilage tissue is assumed to be isotropic and homogeneous transversely but not in the thickness or depth direction. 
Biphasic model
In classical modeling, articular cartilage is modeled as a complex consists of incompressible fluid phase and solid phase (5) . It is assumed that the fluid phase is inviscid and that the solid phase is linear viscoelastic. The influence of the fluid-dependent viscosity is incorporated through a diffusive resistant body force proportional to the relative velocity between the fluid and the solid. A total stress of the tissue is given by the sum of the stresses of the solid and fluid phases in the biphasic model, and the constitutive equation of each phase is shown as follows: 
where s v and f v are the velocity vector of solid and fluid phase, respectively, and k is the permeability in tissue. Here, the permeability is strain-dependent, and is given by the exponential function of the dilatation (volume strain) e of solid matrix with the material constant M and the initial permeability 0 k as follows (15) .
( )
In the cartilage tissue, the continuity equation is given as follows:
Viscoelastic fibril-reinforced transversely isotropic and transversely homogeneous model
The viscosity of cartilage tissue is attributed not only to the motion of interstitial fluid in porous solid matrix but also to the deformation response of solid phase itself. The solid matrix consists of collagen fibre network, cartilage cell and PG-matrix. In an earlier study, it was observed that PGs were primarily responsible for the mechanical response at equilibrium, while collagen network mainly modifies the instantaneous response of the tissue (8) , (9) . Here, PG-matrix and cartilage cells were assumed to be linear elastic bodies, and collagen fibres were assumed to be a generalized Maxwell viscoelastic body consisting of spring elements and dashpot elements (Fig. 2) . The stress-strain equation of the generalized Maxwell viscoelastic model is given by, 
where t is time, r E is elastic modulus of component r (PG: PG-matrix, cel: cartilage cell, fib: collagen fibre). Three pairs of elastic moduli ). For simplification, it was assumed that all elastic elements of collagen fibre in viscoelastic elements of collagen fibre are equal and their elastic moduli are given by the elastic modulus of collagen fibre multiplied by the relaxed constant G (i.e., fib tl tm ts
). The solid matrix is assumed to be transversely isotropic and transversely homogeneous (TITH), but depth-dependent (16) - (20) . The collagen fibres and cartilage cells are embedded in PG-matrix and distributed with statistical dispersion. The mechanical behavior of these components is not free from the surrounding matrix. Therefore, they are considered as elastic inclusions embedded in PG matrix. This modeling concept is the same as that employed in the TITH microstructural-statistical model proposed by Federico et al (19) . That is, the solid phase consists of PG-matrix, ellipsoidal inclusions of cartilage cells and collagen fibres on the basis of the Eshelby theory. By considering its anisotropy and inhomogeneity in the equation (6), s e σ in the equation (1a) is written as
using the relaxation function D , where ξ is normalized cartilage depth, and r C is TITH elasticity tensor of component r. The TITH elasticity tensors of each component r are: 
. The Eshelby's tensor is calculated from the Poisson's ratio of the matrix and the aspect ratio of the ellipsoidal inclusions, cartilage cell and collagen fibre (16) , (21) . The cartilage cell is represented as a spheroidal inclusion with the aspect ratio varying along the cartilage depth. The collagen fibre is represented as a rectilinear fibre inclusion (i.e. a spheroidal inclusion with the aspect ratio going towards infinity). The normalized probability density ϕ describes the orientation of collagen fibre component distributed statistically in the solid phase. This is a function of cartilage depth ξ (19) , (20) , and is defined on the surface of northern unit hemisphere + 2 S as is in Eq. (8) . The orientation of collagen fibres, the volume fractions of collagen fibres and cartilage cells, and the shape of cartilage cells are determined stochastically in a depth-dependent manner based on the anatomical data (14) , (20), (21) .
The effective solid stress tensor s e σ given by the equation (7) expresses the characteristics of depth-dependent anisotropy and inhomogeneity of viscoelastic solid matrix of cartilage. Therefore, the present model accounts for the mechanical behaviors of the biphasic, viscoelastic, anisotropic, and inhomogeneous tissue according to its microstructure.
Indentation analysis
Three-dimensional simulation of indentation test was performed using the present model and mechanical properties within cartilage tissue were predicted by fitting the simulated time-history of reaction force to that obtained in our previous study (14) . In the experiment, fresh normal bovine femoral heads were used as specimens (n = 7). The cartilage on the femoral head was not separated from subchondral bone. The medial and lateral regions of each femur head cartilage were chosen as the region of testing to evaluate the regional differences between the load-supporting conditions. The medial region is a load-supporting region, whereas the lateral region is a non load-supporting region. The time history of indentation force was calculated by means of finite element method of Galerkin-type weighted residual (6) , (7) . As is shown in Fig. 3 , the indentation model is a Fig. 3 Indentation testing configuration and model geometry for finite element simulation.
quarter of cylindrical domain of 4 mm in diameter and the thickness of the individual cartilage specimen at the indentation point measured from X-ray transmission imaging (14) .
The lower base represents the bone-cartilage interface, and the upper base does the articular surface. For the finite element calculation, the displacements at the bottom surface of cylindrical domain are fixed in all directions assuming the rigid connection of cartilage to the subchondral bone; the displacements are also set to be zero at the lateral surface of the domain representing the boundary sufficiently far from the indentation site; and the displacements were given in z-direction of depth at the circular region contacting to the cylindrical indenter of 1 mm in diameter on the top surface in the same manner with the indentation test of 0.1 mm indentation at indentation speed of 0.2 mm/sec followed by the relaxation time of 180 seconds (14) .
For all cases of 7 specimens tested, the discretization was of 1,880 8-node brick elements with 10 layers of equal thickness. The elastic tensor of each finite element was the TITH elastic tensor calculated at the depth ξ of the centroid of each element.
The elastic moduli of collagen fibres and PG-matrix, short-and long-term time constants of collagen fibres, the relaxation constant of collagen fibres, and the permeability were determined by fitting the calculated time-history of reaction force response to that observed for each specimen in experiment in terms of the least square method. Literature-based parameters used in the fitting were summarized in Table 1 .
Based on the determined parameters by fitting, the instantaneous elastic modulus, attributed to both fluid-solid interaction (permeability) and solid matrix, and the relaxed elastic modulus, attributed only to solid matrix, are calculated as
and ( ) Table 1 Parameters of material properties of articular cartilage given a priori (6) , (15), (20), (22) . The depth-dependency of instantaneous axial and transverse elastic moduli, i.e. at t =0, at the lateral and medial regions are shown in Fig.6 (a) . Figure 6(b) shows the depth-dependency of relaxed axial and transverse elastic moduli, i.e. t = 180 seconds, at both regions. These elastic moduli were calculated by Eqs. (9) and (10), respectively. The upper layer of normalised cartilage depth ξ =0 represents the articular surface, and the bottom layer of depth ξ =1 is the bone-cartilage interface. Instantaneous elastic moduli of both layers were higher at the lateral region than those at the medial region, and it was maintained throughout the whole depth of cartilage. Relaxed axial and transverse elastic moduli were also higher at the lateral region than at the medial region. The solid line identifies each specimen, i.e. medial and lateral regions of each specimen. The red mark is the mean value (n=7). Differences were examined by the Wilcoxon test and P<0.05 was considered statistically significant. Fig. 6 Elastic moduli of cartilage at medial and lateral regions on the bovine femoral head.
Results
(normalised cartilage depth = 1 is articular surface). Orange mark for the lateral region; blue mark for the medial region. Data are represented as mean±SD.
Discussion
In this study, we proposed a new cartilage model incorporating the depth-dependent microstructure of collagen fibres, proteoglycans, and cartilage cells. The finite element simulation of indentation test based on the present model could reproduce the time history of indentation reaction force of cartilage satisfactorily at functionally different regions on femoral head (Fig. 4) .
The present model provided significantly higher elastic modulus of collagen fibre fib E at the lateral region, whereas the initial permeability 0 k at the lateral region was lower than that at the medial one (p < 0.05). In the previous report (14) , it was found that the integrated area of the absorbance spectrum of Amide I (1594-1709 cm -1 ) measured by Fourier transform infrared spectroscopy was significantly smaller at the medial region than at the lateral region. This integrated area has positive correlation with the collagen content, which is main protein in cartilage. Furthermore, the integrated area of Sugar spectrum (960-1180 cm -1 ) was significantly smaller at the medial region than at the lateral region.
This area has positive correlation with the PG content with the glycosaminoglycan (GAG) sugar chain. The elastic modulus of collagen fibre was high at the lateral region, where chemical composition analysis indicated rich collagen content. GAG sugar chain combines with water in the tissue controls the mobility of interstitial fluid. Therefore, the GAG content at the medial region is poor, and the low fluid resistance is projected accordingly. The depth-dependent distributions of elastic moduli were shown in Fig. 6 . The axial elastic modulus was higher at deep layers than at surface layers under the influence of anisotropy such as collagen fibre orientation. This tendency is coincident with the report about a depth-dependent distribution of equilibrium elastic modulus in cartilage plugs determined by referring to the fluorescently-stained cell-to-cell distances under compressive load different from those without compression (23) . In this report, an equilibrium elastic modulus under the compression was shown eight-fold variation between surface and deep layers. The distribution of relaxed axial elastic modulus corresponding to the equilibrium response showed comparable changes in the present model. Therefore, the present results of elastic moduli and the ratio of those between surface and deep layers are reasonable.
The depth-dependent elastic moduli calculated by the presented method were compared with an apparent elastic modulus in the cartilage. Hayes et al. (24) had proposed a method for evaluating the apparent elastic modulus from indentation test. In their method, the indentation test of cartilage is considered as the compressive problem of the isotropic linear elastic body with finite thickness h using the cylindrical indenter with radius r . The apparent elastic modulus E was determined from the Poisson's ratio ν of 0.5 for instantaneous elastic modulus and of 0.4 for relaxed one, the maximum indentation displacement z and the constant κ depending on cartilage thickness h as follows:
where F is the indentation reaction force. In our cases, the instantaneous elastic modulus was determined from the maximum reaction force, and relaxed elastic modulus was done from the reaction force at 180 second, with the indentation displacement of 0.1 mm. Figure  7 shows comparisons between the conventional apparent elastic moduli and the axial elastic moduli calculated by the proposed model. Table 2 summarizes correlation coefficients R 2 between these elastic moduli at medial and lateral regions, where the axial elastic moduli were calculated as mean value in the surface layer of 0 to 20% depth and the deep layer of 80 to 100% depth, respectively. The instantaneous and relaxed elastic moduli at surface layer showed a higher R 2 with apparent modulus than those at deep layer ( Fig. 7 (a) and (b)).
That is, the apparent elastic moduli mainly represent the elastic property of surface vicinity. This will be due to that the measured reaction force caused by small indentation displacement of 5-10% cartilage thickness is dominated by the surface layer property. According to the evidence of depth-dependent elasticity distribution in cartilage (23) and the assignment that the anisotropy and inhomogeneity of collagen and PG in tissue exert an influence on indentation response (9) , the apparent elastic modulus lack the precision to evaluate of indentation characteristics of cartilage in detail. Our method proposed in this study is able to reach much information about elasticity distribution in depth direction and is valuable as the evaluation method of mechanical property of cartilage based on indentation test. The influence of the determined model parameters on the indentation reaction force response was examined. In the evaluation of the time-history of reaction force, two specific responses were necessary to be considered: instantaneous and adequately-relaxed responses. The adequately-relaxed reaction force depends on the elasticity of the solid matrix. The cartilage with higher elastic modulus of collagen fibre will show higher elastic modulus of solid phase, and its reaction force will become high. In the results of indentation test, the relaxed reaction force at t = 180 second at the lateral region was significantly higher than that at the medial region (lateral region: 0.106 ± 0.047 N, medial region: 0.034 ± 0.009 N, p=0.018<0.05). An instantaneous response of indentation reaction force is affected by both the viscosities of solid and fluid phases and the elasticity of solid phase. The viscosities are affected by the collagen fibre relaxed constant G and the initial permeability 0 k among the parameters of the model. The sensitivity analysis showed that the collagen fibre relaxed constant has tenfold higher sensitivity in the curve fitting of reaction force than that of permeability. The collagen fibre relaxed constant is, thus, an important viscosity parameter. It, however, was not significantly different between the regions examined in this study while the viscoelastic behavior of cartilage under indentation test was reproduced properly with the parameter determined. At this moment we did not have findings explaining this aspect on collagen fibre relaxed constant. Further discussion will be needed but was left for a further investigation.
Conclusions
The mechanical properties of cartilage represented by the proposed method were advisable. Considering the effect of tissue compositions such as collagen fibre and PG on mechanical behavior, the presented approach enables us grasp the elasticity dependent on its compositions at functionally different regions of the femoral head. Such a material property variation was not able to be reached directly from the indentation response. Usually, the evaluation of interstitial fluid mobility inevitably needs to carry out the permeation experiment. Our model is a variation of biphasic model, and the fluid mobility was able to be estimated with elasticity/viscosity of solid phase from the reaction force-relaxation response in the context of proposed method. This mechanical model takes into account of anisotropy and inhomogeneity of its microstructure, and it was able to have insight for the depth-dependent distribution of elastic modulus that was not available from a conventional method assuming isotropy and homogeneity of tissue.
